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In this work a methodology to fabricate carbon nanotube based electrodes using plasma enhanced
chemical vapour deposition has been explored and deﬁned. The ﬁnal integrated microelectrode
based devices should present speciﬁc properties that make them suitable for microelectrode arrays
applications. The methodology studied has been focused on the preparation of highly regular and
dense vertically aligned carbon nanotube (VACNT) mat compatible with the standard lithography
used for microelectrode arrays technology.
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1. INTRODUCTION
Since the introduction of carbon nanotubes (CNTs) by
Smalley,1 and the ﬁrst experiments done by Ijima in 1991,2
this new form of nanomaterial transformed deeply the
research world wide. Taking into account their attractive
mechanical, thermal, electrical and physical properties in
general, CNTs can compete and even overmatch the best
metals or semiconductors in the market. Because of this,
CNTs have gathered large variety of applications3 and has
made them ideal for their use in electronics and, in particu-
lar, as biocatalytical electrodes,4 interconnexion of biosys-
tems to solid state electronic devices5 and micro-electrode
arrays (MEAS).67 Micro-electrode arrays (MEAs) (Fig. 1)
have been established as a well-known technique for inter-
facing with neural assemblies.89 In addition, they are
now recognized as one of the main approaches for the
design of neural prosthetic devices to artiﬁcially restore
impaired neural function (e.g., for vision, hearing and
limb movement).10 Vertically aligned carbon nanotubes
(VACNTs) have suitable characteristics11–15 for micro and
nano electronics because they are highly regular and com-
pact and have an adequate morphology as electrodes.
Moreover, density and structure of carbon nanotubes are
important characteristics in electrochemical applications
because they affect the electrochemical behavior of the
∗Author to whom correspondence should be addressed.
electrode. Also, the layout of VACNTs, with a high density
and connected one by one to the metal electrode increases
the efﬁciency of contact and is useful in the area of biosen-
sors, where availability of sites for both biomolecule bind-
ing and electron transfer is needed.
In general, micro-electrode arrays are based on a proton
conductive membrane attached between anode and cath-
ode. The two electrodes have an active catalyst layer that
makes possible the electrochemical reaction and a diffu-
sion support that grants mechanical stability and improved
electrical contact.1416 Compared to macro-electrodes, it
offers numerous advantages due to the miniaturization of
the system. This opens the door to several applications.17–22
For example, the ability to perform electrochemical
analysis at reduced scale allows the study of electrolyte
volume bellow one micro-litre, so that experiments on
biological samples in vivo can be done without having
destructive character, given the low current involved. CNT
coatings offer a novel and stimulating direction to further
improve the performances of MEAs23 as a result of their
many useful properties such as mechanical stability, chem-
ical durability, high electrical conductance24 and their bio-
compatibility.25 CNT coated electrodes show evidence of
remarkably high speciﬁc surface, appropriate for this kind
of applications. Furthermore, it was recently demonstrated
that CNT based electrodes improve neuronal electrical
signaling.26 In particular, multi-walled carbon nanotubes
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Fig. 1. General view of a MEA. SEM view of CNTs deposited on one
of the square electrodes (inserted image).
(MWCNTs)27 have a suitable surface structure to with-
stand subsequent treatment with plasma, such as discussed
below.
In spite of the advantages offered by VACNTs for MEAs
applications, there are very few studies proposing them
for neural networks monitoring.28 Although MEAs have
become useful research implements, they are distant from
being optimized for durable implantation. While several
results have been found for MEAS preparation through
CVD, Plasma-enhanced CVD represents a better-quality
and reachable method for CNT growth, requiring a high
vacuum and temperature system, along with the assistance
provided by an electric ﬁeld allowing vertical alignment of
CNTs. Furthermore, VACNTs have advantages regarding
voltammetric measurements over CVD-grown ones. These
results demonstrate the huge potential of such nanostruc-
tured materials to make possible an interface between the
neural system and state of the art nano-electronics. It is
the purpose of this work to obtain experimental evidence
of the superior properties gained with VACNT grown over
recently made and designed MEAS.
In this paper, we have optimized the fabrication process
of VACNTs on MEAs for electrically analyzing alive neu-
ral tissues, in order to improve the introduction of nutrients
during the monitoring time.
2. EXPERIMENTAL DETAILS
The production of CNTs was performed in a PECVD
reactor, made by the FEMAN group. It consists on three
homemade magnetron sputtering heads, which permit the
deposition of layers of different catalysts and other mate-
rials depending on the target installed (Fe, Ni, Co, Si) plus
a complete PECVD system.
All parameters and measures were operated by from
a LabView (National Instruments) program. In order to
reach desired temperatures, a Xantrex heater power sup-
ply (XDC 60-100) was used. Working in a high vacuum is
important to avoid oxidation of the sample and to ensure
effectiveness in the sputtering and PECVD processes. With
that purpose, we used three different pumps, for differ-
ent levels of vacuum. From atmospheric pressure to ∼2 ·
103 Pa, a rotatory pump (EV25 QS AL, Leybold Vacuum
GmbH) was enabled. From ∼2 ·103 to ∼3 ·10−2 Pa a roots
pump (WU 251, Leybold-Heraus RUVAC, Germany) and
from ∼3 ·10−2 to ∼4 ·10−4 Pa a turbomolecular pump was
used (Turbovac 361C, Leybold Vacuum GmbH, Germany).
2.1. Growing CNTs Over MEAS
The CNTs growing process onto microelectrode arrays
was more complicated than the procedure onto a standard
silicon wafer. The process is described in three step dia-
grams showing the internal structure of a MEAS (Fig. 2).
First, MEAs devices were coated by a patterned PMMA
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Fig. 2. Schematic representation of the steps carried out to growth
VACNTs on the structure of MEAs devices. Structure 1: Schematic of
a MEAs device with a patterned PMMA layer covering the interspaces
between the Pt electrodes and having: (a) an a-Si thin layer (∼20 nm),
(b) a diffusion barrier layer of SiO2/a-Si, formed by oxidation at air, and
(c) a Fe ultrathin layer deposited at RT by sputtering performing a nucle-
ation layer for CNTs growth. Structure 2: Schematic of the electrode
after the lift-off process. Structure 3: Schematic of the electrode after
deposition of CNTs by PECVD.
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layer covering the interspaces between the Pt electrodes.
Starting from this structure, an a-Si thin layer (∼20 nm
thick) was deposited on the samples at room temperature
(RT) by magnetron sputtering from a c-Si target. Then,
samples were taken out of the reactor and exposed to
air for 15 minutes to form a thin surface layer of SiOx.
Finally, a Fe ultrathin layer was deposited by magnetron
sputtering at RT on the SiOx (structure 1, Fig. 2). SiOx
acts as a diffusion barrier by minimizing the diffusion of
Fe atoms toward the substrate and to maintain the abil-
ity of Fe catalyst.29 In order to study the effect of the Fe
nanoparticle size on the growth of CNTs, Fe layers were
deposited in the range of 3 to 10 nm.
To ensure that the CNTs only grow over the electrodes,
a lift-off process was conducted afterwards (structure 2,
Fig. 2). The lift-off process was used to patterning the
microelectrode using a sacriﬁcial material, in this case a
photo-resist. Isopropanol and acetone were used as sol-
vents and the sample was sonicated during 30 s upon
Fe and Si layers remained only in the regions having
a direct contact with the platinum electrodes. When the
process was ﬁnished, the samples were dried with nitro-
gen and reintroduced inside the reactor. Later, an anneal-
ing treatment was done before the last step consisting in
the VACNTs growth by PECVD, assisted by hot ﬁlament
(structure 3, Fig. 2). By this method, VACNTs only grow
on the electrodes coated by Fe nanoparticles.
TEM images corresponding to CNTs grown on metallic
electrodes using PECVD can be seen in Figure 3, where
Fe nanoparticles appear isolated on the tip of CNTs and
play the role of catalyzing the growth of CNT structures.
In order to remove amorphous carbon and Fe catalyst par-
ticles from the tip of the CNTs, a slight water plasma
treatment was performed after the PECVD growing pro-
cess. This last treatment increases the speciﬁc area and
electron transfer capability.1430
Fig. 3. TEM images showing the catalyst nanoparticles on the tip of
the CNTs.
3. RESULTS AND DISCUSSION
The ﬁrst attempt to grow CNTs over MEAs was based on
the optimal parameters obtained in a previous work done
by the FEMAN group.31 After deposition of the Fe layer,
a process of lift-off was performed to remove the PMMA
and to open the areas outside the Pt electrodes.
Next step was the nanostructuration of the Fe layer in
order to produce nanoparticles. As a general rule, ﬁlms
with few nanometers produce smaller particles and short
nanotube diameters. At the same time, because the sput-
tered ﬁlms at RT had not an isolated grain structure, an
annealing was necessary to fracture the ﬁlm in nanopar-
ticles (structure 2 of Fig. 4). Samples were annealed at
800 C in a reductive atmosphere (Ar+H2) and few min-
utes were enough to form small Fe nanoparticles on the
electrodes. Usually, this operation facilitates the coales-
cence of Fe nucleous deposited on the SiO2/a-Si diffu-
sion barrier and, the resulting Fe particles have a size that
depends of the Fe layer thickness. This size, in turn, limits
the diameter of the CNTs. Another important detail con-
cerns to the surface state of the Fe nanoparticles. Thus, in
order to clean the surface of the Fe nanoparticles before
the growth of carbon nanotubes, we applied argon plasma
before entering the carbon precursor gas.
The annealing process lasted 800 s. During this period,
a ramp temperature of 10 C/s was used to reach the set
point (680 C). The temperature was stabilized after 60 or
120 s. Additional 30 s were necessary for purging hydro-
gen by the insertion of NH3. Then, the carbon precursor
was entered in the chamber and CNTs were grown during
900 s.
Figure 4(a) shows one of the preliminary results of
growth of vertically aligned carbon nanotubes (VACNTs)
on Pt electrodes. The irregular density observed in
Figure 4(a) points to an unequal diffusion process with
domain sizes of 10 to 20 m. In these earlier experiments,
the diffusion of Fe into the Pt electrodes was higher than
directly into silicon wafers and, only some isolated and
short CNTs were obtained on Pt electrodes. Hence, the
a-Si layer thickness was increased to avoid Fe diffusion.
Moreover, in order to optimize the CNTs growing process,
the Fe layer thickness was explored in the range of 3 to
10 nm. The results plotted in Figure 4(c) point to a max-
imum growth rate of CNTs for a Fe layer of 5 nm. This
can be explained by the conﬂuence of two mechanisms,
diffusion and nucleation. First, the diffusion of Fe atoms
toward the substrate is limited by the thickness of the sil-
icon layer and, second, the onset of nucleation of CNTs
occurs when C concentration in Fe nanoparticles reaches a
critical value, which depends on the limit of solubility of
carbon in iron. Samples with larger Fe nanoparticles (for 7
and 10 nm Fe layers) show shorter CNTs probably due to
a delay in the beginning of nucleation and to the formation
of an amorphous carbon layer on Fe nanoparticles.
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Fig. 4. (a) SEM image of MEAS where diffusion phenomena can be seen. (b) SEM image of MEAs with 20 and 10 nm layer thickness for Si and
Fe respectively. (c) CNT length as a function of the thickness of the Fe catalyst layer. The maximum of growth rate corresponds to 5 nm of Fe layer.
For MEAs applications and in order to optimize the
electrochemical characteristics of CNTs, a CNTs length of
0.5–3 m was chosen. Figure 4(b) shows an example of
a homogeneous growth of CNTs on the structure Fe/SiOx/
a-Si/Pt formed by an a-Si layer of 20 nm and a Fe layer
of 10 nm.
Figure 5(a) shows an example of the resulting CNTs
with a length of 500 nm, which form a dense and homoge-
neous mat. This surface morphology results from a highly
selective growth of CNTs, only on Pt electrodes, which
avoids possible electrical short-circuits between wires,
pads and electrodes.
Other PECVD parameters, such as temperature, reac-
tion time, and plasma power were also explored to deter-
mine their effects on the CNTs growth. Figure 5(c) shows
the increase of CNT length as RF power increases. The
PECVD process parameters for this experiment were
640 C of substrate temperature, 50 W of RF power, 20 nm
of a-Si layer and 5 nm of Fe layer. The increase of tem-
perature did not affect the length of the CNTs signiﬁcantly
in the explored range. However, although it is not evident
from the SEM images exposed here, an accurate study
showed that the average diameter of the CNTs increases
with the growth temperature. In addition, a decrease in
temperature down to 650 C, together with a Fe layer of
5 nm, resulted in an increase in the CNTs length from
0.5 m to about 2 m, while maintaining the uniformity
across the electrode (Fig. 5(b)).
The diameter of nanotubes also depends on the Fe
nanoparticles size. Usually, each nanoparticle of Fe leads
to the creation of one CNT, and the density of carbon
nanotube is limited by the density of Fe nanoparticles
resulting from the annealing process.
The growing process described in this work has resulted
in multi-wall CNTs with a “bamboo-like” structure with a
diameter in the range of 40 to 60 nm (Fig. 3).
An important parameter of the kinetics of growth is
the activation energy, Eact. PECVD is a ﬁlm growth tech-
nique based on plasma, in which the excited species react
with each other in the gas phase. This makes it possible
to deposit ﬁlms at lower substrate temperatures than with
thermal CVD, in which a high substrate temperature is
necessary to cross over the activation energy. The Arrhe-
nius plot of ln (growth rate) versus 1/T (K) was used to
4 J. Nanosci. Nanotechnol. 12, 1–7, 2012
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Fig. 5. (a) Micrography of 500 nm CNTs grown onto a MEAs Pt electrode. (b) Longer CNTs were obtained at 650 C keeping the homogeneity.
(c) CNT length as a function of the RF power during the PECVD process. Samples were grown at 5 nm of the Fe catalyst layer thickness and 640 C
of substrat temperature.
derive Eact. The growth rate can be dependent on the size
of catalytic particles.
According to the temperature dependence of the growth
rate R of CNTs:
R= R0e−Eact/kT
where R0 is the growth rate at 0 K. A series of VACNTs
samples grown at temperatures between 640–700 C and
60± 10 W of RF power was used to obtain Eact. The
Arrhenius plot of Figure 6 provides an activation energy
Eact value of the CNT growth of around 28 kcal/mol
(1.2 eV). This value agrees reasonably well with that of
a growing process activated by temperature rather than
by plasma (0.23 eV).3435 In our case, the process needed
plasma treatment during the CNTs growth to produce
VACNTs. The obtained lower growth rates compared to
the results of Ducati et al.35 (factor close to 2) are proba-
bly due to differences in the growing parameters and the
intensity of ion bombardment during our PECVD process.
Raman spectroscopy measurements provided the qual-
ity of the CNTs (Fig. 7(a)). The left peak corresponds to
the D band, which is related to the content of amorphous
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Fig. 6. The growth rate variation with temperature for thermal CVD
and PECVD. The plotted squares correspond to VACNTs samples grown
at 60± 10 W of RF power, on Fe(5 nm)/Si(20 nm)/Pt structures. The
data points for thermal CVD are from Ref. [35].
J. Nanosci. Nanotechnol. 12, 1–7, 2012 5
R
E
S
E
A
R
C
H
A
R
T
IC
L
E
Vertically Aligned Carbon Nanotubes for Microelectrode Arrays Applications Smirnov et al.
carbon and the existence of defects. The G band (right
peak) is related to the presence of graphitic carbon. The
D–G ratio points to the purity of the CNTs. Thus, after
performing a water plasma treatment of CNTs, an increase
in the G band was detected (Fig. 7(a)), which accounts
for an increase of CNTs purity. According to previous
reported results, water plasma oxidizes amorphous carbon
(a)
(b)
(c)
Fig. 7. (a) Raman intensity versus wavelength before and after water
plasma treatment. (b) Cyclic voltammetry analysis of the MEAS with
CNTs and no water plasma. (c) Comparation of cyclic voltammetry char-
acteristics of MEAS devices having bare electrodes and water plasma
treated CNTs deposited by PECVD on electrodes.
producing CO2.
14 The CNTs presented in this work were
systematically exposed to a water plasma at low RF power
during 5 min in order to purify and to maintain their orig-
inal strength.
The electrochemical characteristics of the CNTs
deposited on the MEAs samples were determined by
cyclic voltammetry. The used solution consisted of 5 mM
Fe(CN)4−6 in 0.2 M Na2SO4. An Au electrode was used as
pseudo-reference electrode. The working and counter elec-
trodes consisted of W tips connected to the MEAs pads, as
shown in Figure 1. Figure 7(b) shows a cyclic voltammo-
gram of a CNT based MEAs sample without water plasma
treatment. Clearly, the presence of amorphous carbon
results in a low intensity signal and high capacitive cur-
rents. Figure 7(c) shows a comparison between the results
of cyclic voltammetry of a MEAs sample without CNTs
and a sample with water plasma-treated CNTs. The peak
current of the sample with water plasma-treated CNTs is
near three times more intense than for the sample with-
out CNTs. Moreover, the position of the peak has shifted
to higher potentials pointing to a faster ion diffusion and
to an increase of the electronic transfer as a consequence
of the water plasma treatment.14 Cyclic voltammetry and
pulsed voltammetry are common techniques to character-
ize the electrochemical properties of CNT arrays.3233 The
values obtained are close to other results obtained in liter-
ature and suitable for MEAs applications.
4. CONCLUSIONS
CNTs grown by PECVD between 640 C and 680 C
from Fe catalyst layer between 5 and 10 nm have an
adequate morphology and structure for MEAs applica-
tions. Vertically aligned, uniform and highly dense CNTs
were obtained after a complementary process combin-
ing magnetron sputtering, annealing (deﬁning the size
and density of Fe nanoislands) and PECVD. Structure and
morphology determined by electron microscopy (SEM and
TEM) have shown a high quality electrode delimited areas
previously deﬁned by lithography. The electrodes appear
uniformly covered by a dense CNTs mat with a thick-
ness of few microns. Concerning these results, we remark
the growth of a diffusion barrier of Si (minimum of
20 nm) and Fe (10 nm) layer, that are needed to ensure
homogeneity over the electrodes at relatively high tem-
perature (around 680 C). The VACNTs growth activation
energy was determined to be 1.2 eV, which corresponds
to a thermally activated CVD growth. Cyclic voltamme-
try measurements demonstrated that the quality of the
CNTs improved after a water plasma treatment. CNTs for
biomedical applications (1.5 m length) can be produced
by the described PECVD assisted by hot ﬁlament technol-
ogy. The improved electrochemical properties of the VAC-
NTs electrodes, their easy and simple micro-fabrication
procedure, as well as their bio-compatibility and durabil-
ity, suggest that VACNTs electrodes have an enormous
6 J. Nanosci. Nanotechnol. 12, 1–7, 2012
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potential for micro and nanoelectronics applications in
biomedicine, micro electrode arrays (MEAs) (Fig. 1) for
the connection of neuronal assemblies.
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